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channel. However, the mechanisms of serous cell fluid secretion remain poorly defined. In this study, serous acinar cells were isolated from porcine bronchi and studied using optical techniques previously used to examine fluid secretion in rat parotid and murine nasal acinar cells. When stimulated with the cholinergic agonist carbachol, porcine serous cells shrank by ϳ20% (observed via DIC microscopy) after a profound elevation of intracellular [Ca 2ϩ ] ([Ca 2ϩ ]i; measured by simultaneous fura 2 fluorescence imaging). Upon removal of agonist and relaxation of [Ca 2ϩ ]i to resting levels, cells swelled back to resting volume. Similar results were observed during stimulation with histamine and ATP, and elevation of [Ca 2ϩ ]i was found to be necessary and sufficient to activate shrinkage. Cell volume changes were associated with changes in [Cl Ϫ ]i (measured using SPQ fluorescence), suggesting that shrinkage and swelling are caused by loss and gain of intracellular solute content, respectively, likely reflecting changes in the secretory state of the cells. Shrinkage was inhibited by niflumic acid but not by GlyH-101, suggesting Ca 2ϩ -activated secretion is mediated by alternative non-CFTR Cl Ϫ channels, possibly including Ano1 (TMEM16A), expressed on the apical membrane of porcine serous cells. Optimal cell swelling/solute uptake required activity of the Na ϩ K ϩ 2Cl Ϫ cotransporter and Na ϩ /H ϩ exchanger, both of which are expressed on the basolateral membrane of serous acini and likely contribute to sustaining transepithelial secretion. lung; chloride; pig; airway; Ano1; CFTR AIRWAY SUBMUCOSAL GLANDS likely secrete up to 95% of the fluid and mucus that forms the airway surface liquid (ASL) lining large airways (reviewed in Refs. 4 and 5) . Proper airway fluid secretion has been shown to be important for efficient mucociliary clearance (69) , the lung's major innate defense mechanism against inhaled pathogens and irritants (reviewed in Ref. 40) . Defects in submucosal gland fluid and/or mucus secretion may play an important role in several airway diseases (reviewed in Ref. 5 ) including asthma, chronic obstructive pulmonary disease (COPD), and cystic fibrosis (CF; reviewed in Ref. 73) . It is thus critical to understand the basic ion transport mechanisms underlying gland secretion and how physiological agonists regulate this process.
Previous studies have focused mainly on preparations of intact submucosal glands, yielding insights into magnitudes and compositions of gland secretions as well as important submucosal gland secretagogs (3, 6, 10, 28 -30, 35-39, 54, 61, 64, 65, 68, 74) . However, relatively little experimental work has been directed at understanding the functions of the various individual cell types found in the glands. Serous and mucous cells line gland acini and secretory tubules that empty into collecting ducts that open onto the airway surface (reviewed in Ref. 4) . While it has been demonstrated that de novo fluid/ mucus secretion originates primarily from secretory tubules and acini (74) , the relative contributions of serous and mucous cells have not been determined. Because serous cells are located at the distal ends of glands, it has been hypothesized that serous acini are responsible for secreting the bulk of glandular fluid (reviewed in Ref. 5) . It has been suggested that the composition and/or volume of primary serous cell secretions may influence polymerization and rheology of mucins secreted by mucous cells (55) . However, these hypotheses have not been rigorously tested; neither the nature and composition of primary serous cell secretions nor the molecular mechanisms of secretion are well understood.
Serous cells are also of interest because they express the cystic fibrosis transmembrane conductance regulator (CFTR) anion channel (13, 34, 42, 43) . Defects in CFTR cause CF, and thus glands may be important in CF pathology. In support of this, secretory responses typically observed during stimulation with agonists thought to signal through cAMP (which activates CFTR via downstream PKA phosphorylation), such as vasoactive intestinal peptide (VIP), are almost completely absent in glands from the airways of CF patients (35-37, 61, 64) and cftr tm1UncϪ/Ϫ knockout mice (25, 26) . However, secretion in response to agonists thought to elevate intracellular [Ca 2ϩ ] ( [Ca 2ϩ ] i ), such as the cholinergic agonist carbachol (CCh), appears to be largely independent of CFTR (11, 25, 37) . These data suggest that submucosal gland fluid secretion can be supported by alternative Cl Ϫ channels, although whether this secretion emanates from the same cells that express CFTR is not known. A more detailed knowledge of the mechanisms and regulation of serous cell secretion is necessary for interpretations of intact gland observations. Understanding the mechanisms of CFTR-independent secretion is critical if submucosal glands become a therapeutic target in CF.
To address this, we previously isolated primary serous cells from mouse airway to study fluid secretion in response to CCh, as cholinergic stimulation elicits the greatest rate of secretion from intact glands (25, 38) (reviewed in Refs. 4 and 5) . Imaging of agonist-induced changes in serous acinar cell volume combined with simultaneous quantitative fluorescence microscopy of ion indicator dyes demonstrated that CCh stimulation of murine serous cells elevates [Ca 2ϩ ] i that activates fluid secretion driven primarily by Cl Ϫ secretion through niflumic acid (NFA)-sensitive non-CFTR Cl Ϫ channels (43) .
Secretion of Cl
Ϫ is accompanied by secretion of HCO 3 Ϫ through the same NFA-sensitive pathway. Cl Ϫ secretion is sustained by the activity of basolaterally localized Na ϩ -K ϩ -2Cl Ϫ cotransporter isoform 1 (NKCC1), whereas HCO 3 Ϫ secretion is sustained by basolaterally localized Na ϩ /H ϩ exchanger isoform 1 (NHE1) (42) . In contrast, stimulation of the cells with cAMP-elevating agents (VIP, forskolin, isoproterenol) elicited no responses (43) , suggesting that the magnitude of any cAMP-evoked fluid secretion by murine serous cells is small. In agreement, intact mouse glands exhibit a maximal rate of VIP-stimulated secretion that is ϳ10-fold lower (relative to CCh-stimulated secretion rate) than observed in human and porcine glands (25, 26, 37, 38) . These results indicated that fundamental differences exist between human and murine glands and suggested that the mouse is not an appropriate model for studying human serous acinar cell function. In contrast, the secretory responses of porcine and human glands are believed to be more similar (reviewed in Ref. 5 ). The recent advent of transgenic porcine CF models (cftr Ϫ/Ϫ and ⌬F508; Refs. 59 and 60) will now enable rigorous examination of the role(s) of CFTR in serous acinar cell function. In this study, we isolated serous acinar cells from porcine bronchial submucosal glands and studied them using simultaneous DIC/fluorescence microscopy, identifying several important mechanisms of Ca 2ϩ -activated Cl Ϫ -driven fluid secretion. These data contribute to our understanding of serous cell function and ASL generation in the mammalian lung. ; with Ca  2ϩ and  Mg  2ϩ ) and cell culture reagents (MEM-vitamins, amino acids, glutamate, antibiotics, etc.) were obtained from GIBCO/Invitrogen (Carlsbad, CA). Fluorescently labeled secondary antibodies, ionomycin, 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ), and the cell-permeant AM ester derivatives of fura 2 (fura 2-AM), seminaphtharhodafluor-5F (SNARF-5F-AM) and BAPTA-AM, were obtained from Molecular Probes/Invitrogen (Eugene, OR). Enzymes for molecular biology and custom-made primers were purchased from Invitrogen, and 100-bp DNA ladder was purchased from New England Biolabs (Ipswich, MA). Collagenase and DNase I were obtained from Worthington Biochemical (Lakewood, NJ). Anti-CFTR 24-1 monoclonal antibody was obtained from R&D Systems (Minneapolis, MN). Microscope filters were obtained from Chroma Technologies (Rockingham, VT). Cell-Tak was purchased from BD Biosciences (San Jose, CA). Vectashield mounting medium and goat serum were obtained from Vector Laboratories (Burlingame, CA). Anti-NKCC1 antibody was a gift from R. James Turner (NIH, Bethesda, MD), and COOH-terminal CFTR peptide was a gift from Viswanathan Raghuram (NIH). Anti-NHE1 antibody was purchased from Alpha Diagnostic International (San Antonio, TX). Anti-mouse Ano1/TMEM16A antibody was a gift from H. Criss Hartzell (Emory Univ. School of Medicine, Atlanta, GA). Anti-human Ano1/TMEM16A rabbit polyclonal and monoclonal (clone BV10) antibodies were obtained from Abcam (Cambridge, MA). All other experimental reagents were purchased from Sigma-Aldrich (St. Louis, MO).
MATERIALS AND METHODS

Experimental reagents. Dulbecco's PBS (DPBS
Experimental solutions. Solutions used for cell isolation and imaging experiments were identical to those used previously (42, 43 , and all procedures were handled according to regulations set by the IACUC. The results shown were confirmed on different days with separate cell preparations using tissue from at least two different pigs. Epithelium and submucosal tissues were dissected from cartilage of bronchi (primary down to 3rd generation) removed from the lung. Excised bronchi were cut longitudinally, opened, and pinned mucosal side-up to a sylgard-coated Petri dish containing solution B. The epithelium and underlying connective tissue (containing submucosal glands) were carefully removed from the cartilage. These tissue sheets could be stored for up to 3 days at 4°C with no detectable differences in morphology of isolated serous cells or agonist-induced responses.
For isolation of submucosal glands before collagenase digestion, the resulting sheets of tissue were pinned mucosal side-down to a sylgard-coated dish. Submucosal glands were identified visually using a dissecting microscope with oblique illumination and gently removed using microscissors, leaving behind as much connective and adipose tissue as possible. Crudely isolated glands were pooled, minced thoroughly with scissors, and transferred to a 15-ml tube containing types 2 and 4 collagenases (1.5 mg/ml each) and 10 g/ml DNase I with gentle shaking and gassing (100% O2) for 30 -40 min (depending on amount of starting material). Following digestion, cells were washed three times by gentle centrifugation (1,000 rpm in a clinical centrifuge for ϳ30 s). For imaging studies, cells were resuspended in 95% O2/5% CO2-gassed solution A. After ϳ10 min to allow equilibration of [CO2]i and pHi, cells were plated on Cell-Tak-coated coverslips as described below. For immunocytochemistry or harvesting for gene expression studies, cells were resuspended in solution B and immediately plated on coverslips as described below.
Confocal immunofluorescence microscopy. Immunocytochemical staining was performed as described (42, 43) . Briefly, cells plated on coverslips were fixed with 4% formaldehyde at room temperature for 20 min, followed by three 5-min washes with 1ϫ DPBS (containing Ca 2ϩ and Mg 2ϩ ). Cells were blocked/permeabilized with DPBS containing 2% BSA, 2% goat serum, and 0.1% saponin for ϳ30 min at room temperature. Primary antibody incubation was performed in the same solution overnight at 4°C. After three subsequent washes with DPBS, incubation with anti-mouse and anti-rabbit Alexa Fluor (AF)-conjugated secondary antibodies was performed in DPBSϩBSA/serum/saponin for 1-2 h at 4°C. After three final washes with DPBS, the coverslips were mounted on slides using Vectashield Hard-Set mounting medium containing 4Ј-6-diamidino-2-phenylindole (DAPI). Imaging was performed on an inverted Nikon microscope equipped with a ϫ60 1.4 NA oil-immersion objective and connected to an Ultraview LCI confocal imaging system (PerkinElmer, Waltham, MA) and Ar/Kr laser. Image acquisition was performed using Ultraview LCI software. Composite and/or pseudocolored images were created using ImageJ software (W. Rasband, NIH, Bethesda, MD). Anti-CFTR 24-1 primary antibody was used at 1:100 dilution. Anti-NKCC1 (␣-wCT; directed against the rat NKCC1 COOH terminus; Ref. 52 ) was used at a 1:400 dilution. Anti-NHE1 antibody (NHE1-1A; directed against the COOH-terminal 22-amino acids of rat NHE1) was used at a final concentration of 5 g/ml. Polyclonal anti-mouse Ano1/TMEM16A antibody (raised in rabbit against the 83 COOHterminal amino acids) was used at a final dilution of 1:300. Anti-human polyclonal and monoclonal Ano1/TMEM16A antibodies (raised against the NH 2 and COOH termini, respectively) were used together at a final concentration of 1:100. To reduce background staining, anti-Ano1 primary antibodies were diluted in blocking buffer containing 2% BSA, 4% goat serum, and 1.5% saponin. Anti-mouse AF488 and anti-rabbit AF568 secondary antibodies were used at a 1:1,000 dilution in blocking buffer. Control experiments performed with secondary antibody alone (not shown) determined that background levels of nonspecific fluorescence were negligible at the imaging settings (exposure, gain, laser power, etc.) used for both secondary antibodies. Specificity of CFTR immunostaining was determined by preincubating the primary antibody mixture (containing both CFTR and NKCC1 antibodies) with excess CFTR COOH-terminal peptide as previously described (43) .
Gene expression profiling. Gene expression profiling was performed as described (42, 43) using the Eberwine antisense RNA (aRNA) method (70) . After plating for ϳ15 min on Cell-Tak-coated coverslips, cells were gently washed to remove free-floating cells and debris. Small three-to four-cell heterologous acini were harvested by gentle suction through a patch-clamp pipette with ϳ5-m diameter opening. Care was taken to avoid harvesting additional cellular and/or noncellular debris. Sheets of three to five ciliated cells were harvested by an identical procedure using cells isolated from bronchial surface tissue. Before amplification, harvested cells were stored in a solution of 15 mM DTT and ϳ5 U/l RNasin RNase inhibitor at Ϫ80°C. Two rounds of aRNA amplification (ϳ10 6 -fold amplification) were performed using a poly(DT)oligo containing a T7 RNA polymerase promoter (as described in Ref. 70 ). Control RNA from homogenized porcine bronchial tissue was isolated via TRIzol reagent and DNasetreated according to the manufacturer's protocol. Reverse transcription (RT) was carried out using random hexamers and SuperScript III reverse transcriptase according to the manufacturer's protocol. Control experiments were performed with SuperScript III omitted from the procedure to ensure that transcripts amplified were from RNA and not contaminating genomic DNA. PCR reactions were carried out for 30 cycles in a thermocycler using temperatures of 94, 58, and 72°C for denaturation, annealing, and extension, respectively. Transcript-specific primers are listed in Table 1 . For most transcripts, primers were designed against published porcine or murine reference mRNA sequences (GenBank acc. nos. listed in Table 1 ). For Ano1/ TMEM16A (primer set 1), Ano2/TMEM16B, Ano4/TMEM16D, Ano5/TMEM16E, and Ano6/TMEM16F (primer set 1), mouse and human sequences were aligned using MacVector software (Cary, NC), and primers were directed against regions of sequence identity, a method previously used to detect transcripts encoding porcine neuropeptide receptors (20) . Samples were run on 1.8% agarose gels containing ethidium bromide, visualized on a UV lightbox, and photographed using a digital camera (Sony Cybershot). All PCR results were confirmed using RNA samples from at least four aRNA reactions from at least two different WT pigs.
Simultaneous DIC imaging and fluorescence microscopy. After plating on coverslips, isolated cells were loaded with the ratiometric dual-excitation Ca 2ϩ -sensitive indicator fura 2 by incubation in 2 M fura 2-AM for 10 -15 min in a dark chamber gassed with humidified 95% O2/5% CO2 at room temperature (described in Ref. 43 ). Following incubation, coverslips were immediately washed with dye-free solution A. Cells were usually imaged immediately after loading, but loaded cells remained viable on coverslips in the dark at room temperature in 5% CO2 for at least 30 min before imaging. Cells were loaded with SPQ in a similar manner, except that they were incubated in 20 mM SPQ for ϳ1 h. SPQ loading was variable; cells were only used when resting SPQ fluorescence was Ͼ10-fold above background fluorescence. Because SPQ is a single-wavelength, non-ratiometric indicator, experiments in which SPQ leakage was detected (evidenced by loss of fluorescence intensity over time) were discarded (ϳ25% of experiments). Use of a single-wavelength indicator in cells undergoing volume changes is not ideal. However, it was previously found that when murine serous acinar cells were imaged under identical conditions, cell volume changes of similar magnitude to those reported below did not significantly affect SPQ fluorescence intensity (43) , likely due to the large depth of field in wide-field fluorescence microscopy, as discussed extensively in Refs. 15 and 43. We thus believe that changes in SPQ fluorescence reported below almost entirely reflect changes in [Cl Ϫ ]i. Simultaneous DIC and fluorescence imaging was performed as described (15, 18, 19) with modifications as described (43) . Cells were imaged on an inverted Nikon microscope equipped with a ϫ40 1.3 NA oil-immersion objective lens and computer-controlled excitation and emission filter wheels (Sutter Instrument, Novato, CA) and CCD camera (Hamamatsu). A heated and gassed glass perfusion set-up allowed experiments to be carried out at 37°C in 5% CO 2 with pHo ϭ 7.4 (described in Ref. 42 ). Live-cell image acquisition and analysis were performed using Ultraview LCI imaging software (PerkinElmer, Waltham, MA). Because small acini and single acinar cells were essentially spherical, relative cell volume changes were estimated by measuring the DIC-visualized cross-sectional area (measured using ImageJ) raised to the 3/2 power, a method that has been used to track cell volume in salivary acinar cells (15-17, 19, 56) . This method gives results nearly identical to those measured via confocal 3D reconstructions of murine submucosal gland serous acinar cells (43) . The fura 2 340-nm/380-nm excitation ratio was converted to [Ca 2ϩ ]i using an in vitro calibration as previously described (15) . Changes in SPQ fluorescence were converted to changes in [Cl Ϫ ]i using an in vivo calibration performed in a separate set of calibration cells (as described in RESULTS and Refs. 15 and 43) .
Data analysis. Unless indicated otherwise, data were analyzed using Excel software, and graphs were created using Excel and/or Igor Pro software (Wavemetrics, Lake Oswego, OR). Linear fits to experimental data were generated using Igor Pro, and SD of the slope and intercept are indicated as generated by the software. All other values reported as means Ϯ SE. Statistical significance (P value) was determined using Student's t-test.
RESULTS
Isolation of serous acinar cells from porcine bronchial submucosal glands and initial observations of agonist-induced changes in cell volume. As mice have submucosal glands only in their nasal cavity and the first few cartilaginous rings of the proximal trachea (9, 65) , our previous studies utilized serous cells isolated from nasal glands. In contrast, humans and pigs contain submucosal glands throughout the cartilaginous airways down to the level of small bronchi ϳ1 mm in diameter (9) . While differences in gland function in various regions of the airway have not yet been examined in detail, it is generally assumed that cells of upper airway submucosal glands are similar to lower airway submucosal glands based on immunohistochemical (21, 45) and functional (61, 64) analyses. However, the pathologies of airway diseases such as CF and COPD are mainly manifested in bronchi and smaller airways. Bronchial submucosal gland serous acinar cells were thus chosen as the focus of this study.
Mechanical mincing of isolated submucosal glands yielded large pieces of gland acini that were visibly identified as serous acini (example shown in Fig. 1A ) based on morphology observed by DIC microscopy (appearance of small "rough" apical secretory granules Ͻ1 m in diameter and "smooth" basolateral side). Upon stimulation with the cholinergic agonist CCh (100 M), these serous acini underwent significant morphological changes (Fig. 1, B-D) , including cell shrinkage observed as both a decrease in total acinar volume and an increase in acinar lumen volume. Upon washout of CCh, acinar cells swelled back to their approximate resting volumes ( Fig. 1, 
E-H).
Repeated stimulation yielded similar cell shrinkage (Fig.  1I ). These large cell volume changes most likely reflect changes in intracellular solute content underlying fluid secretion. We thus hypothesized that quantitative measurements of agonist-induced changes in cell volume could be used to track porcine serous acinar cell fluid secretion, as done for murine serous cells (42, 43) and rat parotid gland acinar cells (15, 18, 19, 56) .
To isolate small acini and single acinar cells for more quantitative imaging, minced bronchial submucosal glands were enzymatically digested with collagenase, yielding primarily acinar cells that appeared visibly identical to the serous acinar cells previously isolated from mouse airway (42, 43) (Figs. 2 and 4B). Serous and mucous cells in culture have been shown to rapidly dedifferentiate (reviewed in Ref. 5); thus cells were isolated from bronchial tissue and imaged within 6 -8 h after isolation. Similar preliminary experiments were conducted using submucosal glands from tracheal epithelium, and no obvious differences were noted in terms of the morphology of serous/mucous cells or the responses to 10 M CCh (as described below). While no significant differences in protein expression or cell types/composition have yet been described among nasal, tracheal, and bronchial submucosal glands, demonstration of functional differences in serous cells from glands in different airway regions is beyond the scope of this study.
Immunofluorescence microscopy of isolated bronchial gland acinar cells suggests expression of apical CFTR and basolateral NKCC1 and NHE1. We previously used confocal immunofluorescence microscopy to examine the localization of ion transporters and channels in murine serous acinar cells (42, 43) . Fixed ciliated epithelial cells isolated from minced porcine bronchi exhibited a distinctly apical CFTR immunofluorescence ( Fig. 2A ). This fluorescence was markedly decreased when the primary antibody was preincubated with the COOHterminal CFTR peptide antigen ( Fig. 2B ), suggesting the immunostaining observed was specific for CFTR. In fixed acinar cells, strong CFTR immunofluorescence was detected (Fig.  2C ). CFTR appeared to be apically localized, since it did not overlap with fluorescence observed for the basolaterally localized NKCC1 (Fig. 2C ), although there was also apparent intracellular localization. As with ciliated cells, CFTR immunofluorescence was decreased when the anti-CFTR antibody was preincubated with the peptide antigen (Fig. 2D ). NKCC1
immunofluorescence was unaffected by preincubation with CFTR peptide (Fig. 2D ). CFTR immunofluorescence also did not significantly overlap with immunofluorescence observed using an anti-NHE1 antibody ( Fig. 2E ), which appeared to be localized in a similar pattern as NKCC1. The CFTR immunofluorescence pattern observed here is more diffuse than previously observed in murine submucosal gland serous cells using identical fixation and staining protocols (42, 43) . The significance of the more diffuse pattern remains to be determined. Gene expression profiling of isolated bronchial acinar cells. Single-cell gene expression profiling (described in Refs. 42 and 43) was used to examine expression of known serous cellspecific markers using RNA isolated from small (3-4 cell) homogenous serous acini and small sheets of ciliated epithelial cells harvested from enzymatically digested porcine bronchial tissue. Two rounds of aRNA amplification were followed by RT-PCR using transcript-specific primers (Table 1) . Serous acinar cells and ciliated epithelial cells both expressed CFTR (Fig. 3 ), in agreement with the immunofluorescence above. However, only cells identified as serous acinar cells expressed known serous cell markers lysozyme and lactoferrin (7), agreeing with results from murine serous cells (43) . Serous acinar cells expressed transcripts encoding types 1 and 3 muscarinic acetylcholine receptors (mAChR1 and 3; Fig. 3 ), whereas mAChR2 was not detected, in agreement with other studies (31, 32, 44) . Ciliated epithelial cells exhibited the same mAChR expression pattern (Fig. 3) . Expression of mAChR2 was only detected in RNA extracted via TRIzol from intact bronchial epithelium (Fig. 3) , likely reflecting expression in neurons. Aquaporin 3 (AQP3), AQP4, and AQP5 were also detected in both serous acinar cells and ciliated epithelial cells (Fig. 3) , agreeing with previously published localization in mouse airway (reviewed in Ref. 71 ) and functional studies suggesting AQP5 is important for secretion from murine tracheal glands (65) .
Isolated serous acinar cells shrink in response to cholinergic stimulation. We examined responses of isolated serous acinar cells to the cholinergic agonist CCh, because cholinergic stimulation elicits the greatest secretory responses from intact pig glands (38) . Serous acinar cells were observed during continuous perfusion with a physiological CO 2 -HCO 3 Ϫ -buffered saline solution (described in MATERIALS AND METHODS). Cell volume was measured using DIC microscopy, and [Ca 2ϩ ] i was recorded by simultaneous fluorescence microscopy of the ra- (Fig. 5, A-F ; data summarized in Fig. 8) . Stimulation with 100 nM CCh elicited either no detectable response (Fig. 5A) or a small transient [Ca 2ϩ ] i response (Fig. 5B) . In either case, no shrinkage was observed until the cells were stimulated with a higher [CCh] (Fig. 5, A and B) . Higher CCh concentrations (Ն250 nM) were observed to always elicit large [Ca 2ϩ ] i elevations and associated shrinkage responses (Fig. 5, C-F ; values reported in legend and summarized in Fig. 8 ). Higher [CCh] elicited larger [Ca 2ϩ ] i elevations that peaked faster (see Fig. 8A ), whereas the sustained [Ca 2ϩ ] i elevation was also greater (see Fig. 8B ). Cell shrinkage responses roughly followed the pattern of the [Ca 2ϩ ] i responses, as both the magnitude and kinetics exhibited a CCh dose dependence (Fig. 8C) .
Porcine serous acinar cells were stimulated with 1 M CCh in the presence of 10 M atropine. The normal responses were abolished until washout of atropine ( Fig. 6A; RNA isolated from small serous acini and small sheets of ciliated cells was analyzed as described in text. Total RNA was extracted from pieces of porcine bronchial epithelium using TRIzol reagent as control. Expression of transcripts, including CFTR and serous cell-specific markers lysozyme and lactoferrin, was examined using RT-PCR. Serous cells expressed CFTR, lysozyme, lactoferrin, ␤-actin, mAChR1 and 3, and AQP3, 4, and 5. Ciliated epithelial cells showed similar expression pattern, except they lacked lactoferrin and lysozyme expression.
observed (Fig. 9, A and B (Fig. 9, A  and B (Fig. 10B) , suggesting that elevation of [Ca 2ϩ ] i alone is sufficient to cause cell shrinkage independent of any other agonist effects.
In agreement with this conclusion, serous acinar cells exposed to the Ca 2ϩ ionophore ionomycin (10 M) in the presence of extracellular Ca 2ϩ exhibited a prolonged [Ca 2ϩ ] i elevation and cell shrinkage ( Fig. 10C ; representative of 4 experiments). In cells loaded with the Ca 2ϩ -chelator BAPTA by incubation in 20 M BAPTA-AM for 1 h before 10-min fura 2-AM loading, the shrinkage response to 10 M CCh in 0-Ca 2ϩ o was completely abolished (Fig. 10D) . However, when Ca 2ϩ o was reintroduced, [Ca 2ϩ ] i rose slowly as the Ca 2ϩ influx overwhelmed the BAPTA buffering capacity, and the cells shrank. As a control, a separate group of cells were loaded with the pH-sensitive probe SNARF-5F (20 M SNARF-5F-AM for 1 h) before loading for 10 min with fura 2-AM. SNARF does not chelate Ca 2ϩ and exhibits excitation and emission spectra that do not significantly overlap with fura 2 on our imaging system. SNARF loading was confirmed before each experiment by a brief illumination (using excitation and emission filters described in Ref. 42 (Fig. 11) . CCh caused an enhanced SPQ fluorescence that was tightly correlated with the CCh/Ca 2ϩ -evoked shrinkage. Upon removal of agonist, cell swelling to resting volume was correlated with a decrease in SPQ fluorescence back to resting levels.
To convert changes in SPQ fluorescence to changes in [Cl Ϫ ] i , calibrations were performed in a separate group of cells (as previously described in Refs. 15 and 43; representative experiment shown in Fig. 11B) varies between 1.4 M (at ϩ60 mV) to 5.6 M (Ϫ60 mV) and shows little inhibition of endogenous CaCC currents (48 (Fig. 12A) . Serous cells pretreated with and stimulated in the presence of 10 M GlyH-101 (Fig. 12B ) exhibited cell shrinkage that was nearly identical (22 Ϯ 1% within 51 Ϯ 7 s, n ϭ 7).
Likewise, cell shrinkage was also unaffected when GlyH-101 was used in combination with 10 M CFTR inh 172 ( Fig.  12C ; 22 Ϯ 2% shrinkage within 47 Ϯ 7 s; n ϭ 4). In contrast, 50 M NFA (Fig. 12D) significantly slowed the rate of solute loss (time to peak shrinkage ϭ 123 Ϯ 32 s; P Ͻ 0.05 compared with control; n ϭ 8), although it did not alter the magnitude of the shrinkage (16 Ϯ 2%). When 50 M NFA was used in combination with GlyH-101 and CFTR inh 172 (Fig. 12E) , no further inhibition of shrinkage magnitude (18 Ϯ 2%; n ϭ 5) or rate (120 Ϯ 21 s to shrinkage) was observed. However, higher [NFA] (150 M; Fig. 12F ) caused stronger inhibition of both the magnitude and rate of cell shrinkage (9 Ϯ 1% within 223 Ϯ 27 s; n ϭ 7; both values P Ͻ 0.01 compared with control and P Ͻ 0.05 compared with 50 M NFA). Again, no further inhibition was observed when GlyH-101 and CFTR inh 172 were used in combination with 150 M NFA ( Fig. 12G; (Fig. 12, H and I) . NFA increased peak and plateau Ca 2ϩ levels (Fig. 12H) (Table 1) were derived from regions of sequences that were identical in human and mouse transcripts, except for Ano6/TMEM16F, which was based on sequence fragments found in Unigene (porcine Ano6/ TMEM16F; Unigene ID: 3551330). Alignment with mouse and human Ano6/TMEM16F isoforms revealed regions of identical human, mouse, and porcine sequences. Accordingly, Ano6/TMEM16F primer set 1 was designed to recognize Ano6/TMEM16F in all three species, whereas Ano6/ TMEM16F primer set 2 was designed to recognize only porcine Ano6/TMEM16F transcript.
Both porcine bronchial serous acinar cell and ciliated epithelial cell RNA revealed RT-PCR products suggesting expression of Ano1/TMEM16A (Fig. 13A) . Control reactions were performed using RNA isolated from intact bronchial epithelium using TRIzol reagent. Reactions in which the RT step was omitted yielded no PCR products. Ano6/ TMEM16F transcript was also detected in serous cells and ciliated epithelial cells using both human/mouse/pigcompatible (primer set 1) and pig-specific primers (primer set 2; Fig. 13A ). Ano1/TMEM16A and Ano6/TMEM16F were previously detected in murine trachea, whereas Ano2/ TMEM16B was undetectable (57) . In contrast, Ano2/ TMEM16B and Ano4/TMEM16D are both expressed in porcine bronchi, but not in ciliated epithelial or submucosal gland serous cells (Fig. 13A) . Products for Ano3/TMEM16C and Ano5/TMEM16E were not detected in any porcine lung RNA samples (data not shown). However, until porcine Ano/TMEM16 gene products are cloned and sequenced, differences between porcine and human/mouse sequences could mask detection using PCR-based methods. However, these preliminary results demonstrate that at least four Ano/TMEM16 isoforms are expressed in the porcine lung, and at least two of these are expressed in both serous acinar cells and ciliated epithelial cells. Primers directed specifically against mouse Ano1/TMEM16A (primer set 2) detected expression in murine serous acinar and ciliated epithelial cells (Fig. 13B) . Ano6/TMEM16F was also detected in murine serous acinar and ciliated epithelial cells using primers directed against human/mouse/pig sequences (primer set 1; Fig. 13B ), but was not detected using primers designed exclusively against the pig sequence (primer set 2; Fig. 13B ). These results suggest both murine and porcine serous acinar cells express at least two Ano/TMEM16 family members.
Ano1/TMEM16A is localized to the apical plasma membrane of bronchial serous acinar cells. The localization of Ano1/TMEM16A in porcine serous acinar cells was evaluated by immunofluorescence using antibodies directed against the COOH terminus of mouse Ano1/TMEM16A (anti-mAno1) or against the COOH and NH 2 termini of human Ano1/ TMEM16A (anti-hAno1), as described in MATERIALS AND METH-ODS. Coimmunostaining of CFTR was used as a marker for apical membrane localization. Both anti-mAno1 and antihAno1 antibodies revealed a strikingly similar staining pattern that overlapped with that of CFTR in both airway ciliated epithelial cells (Fig. 14A) and serous acinar cells (Fig. 14B) , suggesting that Ano1/TMEM16A is expressed on the apical membranes of the same cells that express CFTR. These results confirm expression on Ano1/TMEM16A in porcine bronchial serous cells and suggest that Ano1/TMEM16A is appropriately localized to contribute to serous cell Cl Ϫ secretion. Cell swelling is mediated by NKCC-and NHE-dependent solute uptake. The above data suggest that CCh/Ca 2ϩ -evoked cell shrinkage is caused by loss of cellular KCl content, likely reflecting activation of Cl Ϫ secretion through a non-CFTR anion efflux pathway (possibly a CaCC such as Ano1/ TMEM16A). Cell swelling observed after removal of agonist and lowering of [Ca 2ϩ ] i reflects accumulation of solute, mediated by transporters that are likely those responsible for maintaining transepithelial Cl Ϫ /fluid secretion. Epithelial Cl Ϫ secretion is typically sustained by the activity of basolaterally localized Na ϩ -linked transporters (reviewed in Refs. 46 and 50), including NKCC1, which uses the Na ϩ gradient to drive accumulation of NaCl and KCl. NKCC1 activity is inhibited by the loop diuretic bumetanide. Another mechanism of Cl Ϫ uptake is the coupled activity NHEs and Cl Ϫ /HCO 3 Ϫ (anion) exchangers (AEs). Activation of NHE-mediated proton extrusion raises pH i , and this alkalinization drives AE-mediated HCO 3 Ϫ (or OH Ϫ ) efflux and coupled Cl Ϫ influx, leading to accumulation of cellular NaCl (reviewed in Ref. 46) . NHE is inhibited by dimethylamiloride (DMA). In rat parotid acinar cells stimulated with CCh in the presence of HCO 3 Ϫ , the rates of cell swelling and Na ϩ accumulation are blocked ϳ75% by DMA and ϳ25% by bumetanide (56) . In contrast, cell swelling is almost completely blocked by bumetanide in murine nasal serous acinar cells with NHE contributing little to Cl Ϫ accumulation (43) , although its activity is critical for pH i regulation and maintenance of HCO 3 Ϫ secretion (42) . By immunolocalization, both NKCC1 and NHE1 are expressed on the basolateral membrane of porcine serous acinar cells (Fig. 2) .
To examine whether NKCC and/or NHE/AE activities contribute to Cl Ϫ accumulation in porcine cells, an experimental protocol was used in which serous acinar cells were first pretreated with the transporter inhibitor (bumetanide and/or DMA) and then stimulated with 10 M CCh in the continued presence of the inhibitor in 0-Ca ] i were made to ensure that effects of bumetanide and/or DMA were not due to perturbations of [Ca 2ϩ ] i signaling. As described in Fig. 9 , cells stimulated with 100 M CCh in 0-Ca 2ϩ in the absence of inhibitors (control conditions; Fig. 15A ) shrank by 22 Ϯ 2% and quickly swelled back to resting volume (time to 50% volume recovery ϭ 150 Ϯ 28 s after peak shrinkage; n ϭ 5). In the presence of bumetanide (100 M; Fig. 15B ), solute accumulation was significantly slowed (time to 50% volume recovery ϭ 640 Ϯ 145 s after peak shrinkage; n ϭ 7; P Ͻ 0.05 compared with control). DMA (30 M; Fig. 15C ) also significantly inhibited the rate of solute accumulation (time to 50% volume recovery ϭ 500 Ϯ 85 s; n ϭ 10; P Ͻ 0.05 compared with control). An additive inhibition was observed when cell swelling was monitored in the presence of both bumetanide and DMA ( Fig. 15D ; time to 50% volume recovery ϭ 1,520 Ϯ 315 s; n ϭ 4; P Ͻ 0.01 compared with control, P Ͻ 0.05 compared with bumetanide or DMA only). Neither bumetanide nor DMA had effects on CCh-evoked solute efflux (Fig. 15G) or Ca 2ϩ signaling (Fig.  15H) . The mechanism(s) underlying slow solute accumulation observed in the presence of both DMA and bumetanide are unknown, but solute accumulation was almost completely inhibited under Na ϩ -free conditions (Fig. 15F) , suggesting a Na ϩ -linked transporter is responsible.
Shrunken serous acinar cells are actively secreting. To ascertain if these solute influx mechanisms operate to sustain Cl Ϫ secretion, we inhibited solute efflux during sustained CCh stimulation and asked whether cells swelled from their shrunken state towards control volume. After cells were stimulated with 100 M CCh in the presence of Ca 16B; representative of n ϭ 3) . Thus, sustained cell shrinkage during sustained stimulation and [Ca 2ϩ ] i elevation is associated with both solute efflux and influx, indicating that it reflects an actively secreting cell. Thus, agonist-induced serous acinar cell volume changes reflect changes in the secretory state of the cell. A shrunken cell reflects a maximally secreting state (active NFA-sensitive solute efflux pathways and active bumetanide/DMA-sensitive solute influx pathways). A resting cell or one in the process of returning to and attaining normal volume is only minimally secreting at best, with no activated solute efflux or influx, as NFA application does not cause de novo swelling (Fig. 12 and unpublished observations) and bumetanide/DMA application does not cause de novo shrinkage ( Fig. 15 and unpublished observations) .
DISCUSSION
Submucosal gland serous cells are important for secreting fluid and contributing to ASL composition as well as antimicrobial functions in the lung. Nevertheless, the molecular mechanisms involved in functions of the various cell types that comprise these geometrically complex structures are largely unknown. Here, we have focused on elucidating the mechanisms of ion and fluid secretion by porcine serous acinar cells using techniques previously developed to study exocrine cells from murine submucosal glands (42, 43) and salivary glands (15, 19, 56) . The similar distribution and responsiveness of submucosal glands between pigs and humans suggest that pigs are likely a better animal model of human airway physiology than the mouse. Furthermore, the development of CFTR transgenic pigs that closely phenocopy human CF (58 -60) provides the opportunity to rigorously examine the role(s) of CFTR in airway physiology generally, and in submucosal gland function more specifically. Thus, elucidation of the molecular mechanisms of porcine submucosal gland serous acinar cell function is particularly timely. We have focused our initial studies largely on the signaling and transport mechanisms involved in cholinergic-evoked secretion, since it provides the largest fluid secretion in intact murine, porcine, and human glands (25, 37, 38) . Our results demonstrate that several agonists that mobilize intracellular Ca 2ϩ cause acinar cell volume changes due to alterations of cellular solute content and osmotically obliged water, that appear to reflect activation of ion efflux and influx pathways associated with transepithelial fluid secretion. The implications of these findings as well as similarities and differences between murine and porcine airway serous acinar cells are discussed below.
Optical measurements of acinar cell salt and water secretion. The use of secretory agonist-induced changes in cell volume to elucidate molecular mechanisms of exocrine cell fluid secretion has been employed previously (e.g., Refs. 2, 15, 19, 42, 43, 49, 56) and is based on the observations, confirmed here, that cell volume tracks cell solute content. Cell solute content is in turn dependent on the relative rates of solute loss and uptake. In secretory epithelial cells, solute loss occurs across both membranes, whereas solute uptake mechanisms are confined to the basolateral membrane. Because of the geometrical complexity of the glands, studies of the individual cell types is facilitated by enzymatic disruption of the intact gland structure. Accordingly, a caveat in this study (that is shared by whole cell patch-clamp techniques) is the possible loss of vectorial ion transport in isolated acini. Nevertheless, the cells Fig. 13 . Ano1/TMEM16A and Ano6/TMEM16F transcripts are expressed in porcine serous acinar cells. A: representative EtBr-stained agarose gels showing products observed after RT-PCR reactions using Ano1/TMEM16A, Ano2/ TMEM16B, Ano4/TMEM16D, and Ano6/TMEM16F primers and RNA obtained from porcine serous acinar cells, ciliated epithelial cells, and intact porcine bronchi. Reactions using serous acinar and ciliated epithelial cell RNA exhibited products corresponding Ano1/TMEM16A and Ano6/TMEM16F expression. Ano2/TMEM16B and Ano4/TMEM16D were detected in RNA isolated from intact bronchi but not in serous acinar or ciliated epithelial cell RNA. Ano6/TMEM16F primer set 1 is designed to recognize mouse, human, and pig sequences, whereas primer set 2 is designed to only recognize pig sequence. Control reactions are shown with reverse transcription (RT) step omitted. B: similar reactions were carried out using RNA isolated from murine serous acinar and ciliated epithelial cells. Both cell types expressed Ano1/ TMEM16A (top) and Ano6/TMEM16F (middle). As a control, pig-specific Ano6/TMEM16F primers (primer set 2) were used and yielded no detectable product (bottom). appear to remain highly polarized for several hours after enzymatic liberation, as evidenced by apical staining for CFTR and Ano1 vs. basolateral localization of NKCC1 and NHE1. Furthermore, elucidation of the molecular mechanisms involved in vectorial transport as well as signaling do not require that the cells remain polarized. Data obtained using similar approaches in other complex exocrine glands, including pancreas and salivary glands, have agreed well with data obtained from more intact gland preparations. The majority of anion conductance in exocrine secretory cells is in the apical membrane (reviewed in Ref. 46) . Activation of significant basolateral anion permeabilities would short-circuit vectorial serosal-tomucosal anion transport and severely reduce the efficiency of secretion. While basolateral Cl Ϫ channels have been reported in some cultures of airway surface epithelial cells (14, 33) , all data indicate that the dominant conductances present on the basolateral membranes of exocrine acinar cells are K ϩ conductances that serve to mediate counter ion flux (reviewed in Ref. 46) . It is thus likely that the secretagog-stimulated cell shrinkage observed here in porcine serous acinar cells is due to KCl efflux through these pathways. Accordingly, it is most likely that the Cl Ϫ efflux demonstrated here is reflective mainly of apical Cl Ϫ flux and thus Cl Ϫ secretion. This is supported by the similar NFA sensitivities of intact gland secretion (11, 25) and the observed Cl Ϫ efflux here. 
CCh-evoked cell volume changes/Cl
Ϫ secretion are tightly controlled by [Ca 2ϩ ] i . Identification of agonists that stimulate fluid secretion from serous cells is important for understanding submucosal gland regulation. Cholinergic stimulation elicits fluid secretion from airway glands of multiple animal species (reviewed in Ref. 5) , and human airway submucosal glands are highly innervated by cholinergic neurons (reviewed in Ref. 72) . ATP released by airway surface epithelial cells in the airway has been suggested to be an important regulator of ASL volume (41) . ATP, released by serous cells themselves or by other cells in or around the gland, may signal to serous cells and stimulate fluid secretion. Likewise, histamine, an important local mediator of inflammation released from mast cells and circulating basophils, could also provide physiological signal to increase secretion from serous acinar cells. ATP and histamine signaling could be very important in CF lungs, which are subject to both ASL dehydration and chronic bacterial infection and consequent inflammation. The data presented here demonstrate that porcine serous acinar cells respond similarly to CCh, histamine, and ATP, each stimulating fluid secretion by signaling through [Ca 2ϩ ] i . The observation that three Ca 2ϩ -mobilizing agonists (CCh, ATP, and histamine) caused rapid and profound cell shrinkage suggests that elevation of [Ca 2ϩ ] i is the responsible signal for activation of apical Cl Ϫ and/or basolateral K ϩ channels that mediate solute efflux. This was confirmed by the demonstrations that [Ca 2ϩ ] i elevation is necessary and sufficient to cause cell shrinkage/ Cl Ϫ secretion, in agreement with observations in murine serous acinar cells (43) and rat parotid exocrine acinar cells (15, 19 ). Thus, while porcine serous cell volume changes in response to CCh stimulation primarily reflect Cl Ϫ secretion, robust HCO 3 Ϫ secretion could also be occurring simultaneously. Future experiments must be directed at determining whether porcine serous cells secrete HCO 3 Ϫ to better understand the composition of the primary serous cell secretions and potential implications for ASL pH and/or mucus rheology.
Ca 2ϩ -activated secretion is CFTR independent. We previously found that Ca 2ϩ -activated secretion in murine serous cells is CFTR independent using both cftr tm1UncϪ/Ϫ knockout cells and the CFTR inhibitor CFTR inh 172 (42, 43) . Similarly, CCh/Ca 2ϩ -activated secretion in porcine serous cells is inhibited by NFA but not GlyH-101 or CFTR inh 172. Thus, Ca 2ϩ -activated fluid secretion by porcine submucosal gland acinar cells also appears to be CFTR independent. CCh-evoked secretion is NFA sensitive and largely preserved in intact glands from CF patients (10, 11, 36, 37) and cftr tm1UncϪ/Ϫ mice (25) , suggesting that CFTR-independent fluid secretion is a general mechanism present in submucosal glands, including in humans, although this remains to be experimentally confirmed in human serous acinar cells. Such a conclusion would be at odds with data obtained from the Calu-3 cell line, a model assumed to approximate serous cell function based on high expression of CFTR and expression of some, but not all, serous cell markers. Ca 2ϩ -activated secretion in Calu-3 cells has been observed to require CFTR as the apical secretory anion channel (27, 47) , with Ca 2ϩ serving to activate basolateral K ϩ channels (47) . Calu-3 cells have been invaluable for studying CFTRmediated secretion, but the data presented here and from murine nasal serous cells both suggest that Calu-3 cells are not an appropriate surrogate for serous acinar cell function.
The identity of the Cl Ϫ conductance(s) mediating Ca 2ϩ -activated serous cell secretion is yet to be formally determined. One potential candidate is Ano1/TMEM16A, recently shown to be a Ca 2ϩ -activated Cl Ϫ channel important in airway epithelial and salivary secretion (1, 8, 51, 57, 62, 75) . Our data suggest that porcine serous acinar cells express transcripts encoding at least two Ano/TMEM16 family members, Ano1/ TMEM16A and Ano6/TMEM16F. Ano1/TMEM16A appears to be localized to the apical plasma membrane of serous acinar cells based on a similar immunofluorescence pattern to that observed using an anti-CFTR antibody. If Ano/TMEM16 proteins function as alternative secretory Cl Ϫ channels, development of appropriate pharmacology may be able to activate Ano/TMEM16 channels to "bypass" defective CFTR and restore the normally CFTR-dependent fluid secretion in CF lungs.
Of note, our studies demonstrate that the Ca 2ϩ -activated secretion mechanism exists in the same cells that express CFTR. Gland secretion in response to forskolin and VIP is CFTR dependent (10, 11, 25, 36, 37) . In the future, the techniques outlined in this paper could be used to determine the secretory response(s) of porcine bronchial serous acinar cells to cAMP-elevating agonists to determine if CFTR plays a role in cAMP-evoked serous cell secretion.
Optimal solute influx requires both NKCC1 and NHE activity. A notable difference between murine and porcine serous acinar cells concerns the mechanisms of basolateral membrane solute uptake during Ca 2ϩ -activated secretion. In murine serous cells, solute uptake was inhibited by bumetanide with no effect of NHE inhibition by DMA (42, 43) , indicating that NKCC1 was solely responsible for mediating acinar cell fluid secretion. In contrast, solute accumulation in porcine serous cells was inhibited approximately equally by bumetanide and DMA, with the effects being additive. This result suggests that maintenance of fluid secretion in porcine cells requires the activities of both NKCC1 as well as parallel Na ϩ /H ϩ -Cl Ϫ / HCO 3 Ϫ exchangers. This mechanism is similar to that observed in rat parotid acinar cells, although DMA had a much stronger effect than bumetanide in those cells (56) . Porcine serous acinar cells inhibited by DMA and bumetanide retained an ability to accumulate solute, albeit slowly. This suggests either that inhibition of NKCC1 and/or NHE was incomplete, or that other transporters can also mediate solute accumulation.
In summary, our results support a model (Fig. 17 ) in which porcine submucosal gland serous acinar cells function as fluid secretory cells, with Ca 2ϩ -activated fluid secretion mediated by an apical Cl Ϫ efflux pathway that is not CFTR, and basolateral NKCC1 and paired NHE-mediated Na ϩ /H ϩ exchange and AE-mediated Cl Ϫ /HCO 3 Ϫ exchange. This model is similar to a general model proposed for salivary acinar cell fluid secretion (reviewed in Ref. 46 ), but it also includes the expression of CFTR in the same cells. This model does not exclude an involvement of NHE in HCO 3 Ϫ secretion [as suggested for murine airway gland serous cells (42) ], which requires investigation. In addition, the role of CFTR in porcine serous cell function remains to be elucidated.
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